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MONITORING DYNAMICALLY THE GELATION PHASE TRANSITION OF 
AGAROSE WITH T2 QMRI AS A FUNCTION OF CONCENTRATION AT 3T 
SABURI D. ELIAMANI 
Boston University School of Medicine, 2014 
ABSTRACT 
The purpose of this experiment is to study as a model the gelation phase 
transition of agarose solutions with transverse relaxation (T2) quantitative 
magnetic resonance imaging (qMRI). The focus is on the reduction of T2 of 
agarose solution upon gelation. The sol-to-gel phase transition of agarose may 
provide a useful and controllable experimental model of tissue formation. 
Furthermore, it may provide the basis for exact mathematical models useful for 
understanding the much reduced transverse relaxation times (T2) observed in 
solid tissues relative to simple liquids. In this context, the purpose of this work 
was to monitor dynamically with T2 quantitative MRI the liquid-to-gel phase 
transition of pure agarose as a function of gel concentration. 
Samples of agarose at various concentrations were allowed to cool down while 
scanning dynamically with T2 qMRI, 32 x 10milliseconds (ms) echoes, Carr-
Purcell-Meiboom-Gill (CPMG), 3Tesla.T2 versus; (temperature).curves of each 
agarose solution show a distinct phase transition region characterized by a sharp 
T2 reduction. 
Four agarose solutions were sequentially prepared by dissolving agarose powder 
in distilled water at concentrations of 1%, 2%, 3%, and 4% by weight/volume. 
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Immediately after preparation and boiling at 98°C, each liquid agarose solution 
was poured into a plastic container and scanned dynamically at 3.0T as it cooled 
down with a whole body MRI scanner (Achieva, Philips Medical Systems, 
Cleveland, OH). 
A single axial slice multi spin echo CPMG pulse sequence with the following 
parameters was used: 32 echoes, 10ms echo spacing, 1.5s repetition time (TR), 
160 x 160 matrix size, and 2 SENSE factor. The time per dynamic scan was 
1minute. 
The DICOM images were further processed with an adaptive T2 qMRI algorithm 
programed in Mathcad (Parametric Technology Corporation, Needham, MA) 
whereby the number of echoes used in the semi-logarithmic linear regression 
varies automatically from pixel to pixel depending on noise level. 
The T2 values of agarose gels have been measured during the entire gelation 
phase transition process at four different concentrations. 
The T2 versus time (temperature) curves of all the four concentrations shows a 
rapid drop at about 24 minutes (T~40°C) at which time the gelation phase 
transition begins. At all temperatures, T2 decreases as a function of increasing 
agarose concentration. 
The data shows similar behaviors for all concentrations with a phase transition 
characterized by a drastic drop in T2 occurring while the temperature drops by 
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approximately 8°C. These results may be useful for testing theoretical models of 
the Nuclear Magnetic Resonance (NMR) T2 relaxation properties during tissue 
formation. 
Quantitative magnetic resonance imaging (qMRI) differs sharply from 
conventional directly acquired MRI in that objective measures [such as the trio of 
the basis MR properties: longitudinal relaxation (T1), T2 and Proton Density 
(PD)] are used for analysis as well as further post-processing rather than relative 
signal intensities. Q-MRI portrays the spatial distribution of absolute biophysical 
parameter measurements on a pixel-by-pixel basis; Kevin J. Chang et al 2005. 
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INTRODUCTION 
The objective is to study the T2 relaxation rates of different concentrations of 
agarose as it forms into a gel in a phantom using 3.0T MRI. 
Magnetic resonance imaging (MRI) is a non-invasive imaging method. In MR, the 
phantom or a patient is placed in the magnetic field and a pulse of 
radiofrequency wave is generated by antennas (“coils”) positioned around the 
subject. Living organism contain large amount of protons, mostly attached to 
water, but also to fats and proteins, etc., making them perfect subjects for proton 
MRI. Randomly oriented tissue nuclei are aligned by a powerful, uniform 
magnetic field, producing an equilibrium “magnetization” of the tissue. This 
magnetization is then disrupted by properly tuned radio frequency pulses. As the 
nuclei recover (“relax”) to equilibrium, they produce the radiofrequency signals 
that are proportional to the magnitude of the initial alignment. Tissue contrast (i.e. 
difference in signal) develops a result of the different rates at which the nuclei 
relax with the magnetic field and the concentration of them in the tissue. The 
radio waves emitted by the protons in the subject are detected by the antennas 
that surround them. By slightly changing the strength of the magnetic field as a 
function of position in the subject using magnetic field gradients, the proton 
resonance frequency varies as a function of position, since frequency is 
proportional to the magnetic field strength. MRI system uses the frequency and 
phase of the returning radio waves to determine the position of each signal from 
the subject. Bushberg, J. T. and J. M. Boone (2011). 
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 MRI produces a set of tomographic images depicting slices through the 
subject in which each point in an image depends on the micromagnetic 
properties of the subject corresponding to that point. Because different tissue 
such as fat, white and gray matter in the brain, cerebral spinal fluid, cancer and 
phantom material all have different local magnetic properties, images made using 
MRI demonstrate high sensitivity to anatomical variations and therefore are high 
in contrast. 
 MRI data are initially stored in the k-space matrix, “the frequency domain 
repository”. K-space describes a two-dimensional matrix of positively and 
negatively spatially frequency values, encoded as a complex number. Through 
fourier transform, the spatial domain signal is transformed into series of wave 
that replicates the signal. Fourier transform is an algorithm that decomposes a 
spatial or time domain signal into a series of sine wave that, when summed, 
replicate that signal. MRI provides excellent soft tissue contrast, which has made 
it a very important modality especially useful in imaging brain, tumor, muscle and 
the cardiovascular system. A defining character of MRI is the tremendous range 
of acquisition time needed to image a patient volume. Times ranging from as low 
as 50ms to tens of minutes are commonly required depending on the study, 
pulse sequence, number of images in the data set, and desired image quality. 
Spatial resolution, contrast sensitivity and signal to noise ratio (SNR) parameters 
form basis for evaluating the MR image characteristics. The best possible image 
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quality is always desirable, but not always achievable because of the trade-off 
between SNR, scan speed, and spatial resolution. 
The molecular structure of the magnetized sample and the characteristics of the 
bound water protons strongly affect its T2 decay value. As molecular size 
increases for specific subject, constrained molecular motion and the presence of 
the hydration layer produced magnetic field domains within the structure and 
increase spin dephasing that causes more rapid decay with the result of shorter 
T2 value. For large, non-moving structures, stationary magnetic inhomogeneity in 
the hydration layer results in these type tissue (e.g. bone) having a very short T2. 
Agarose has been widely used to prepare phantoms used for magnetic 
resonance imaging; Walker, P., C. Balmer, et al. (1989). Agarose is a linear 
polysaccharide derived from the cell-wall of agar-bearing marine red seaweed of 
the Rhodophyceae family. It is a naturally occurring, non-ionic polymer material, 
generally extracted from cell- wall. It is a linear polymer made up of the 
alternating D-galactose and 3, 6-anhydro-L-galactopyranose linked by α-(1→3) 
and β-(1→4) glycoside bonds (as shown on figure 1.); Vaca Chávez, F., E. 
Persson, et al. (2006) In its hydrate state, agarose appears as a network of fibers 
formed by the microscopic aggregation of double helices. Each agarose chain 
contains ~800 molecules of galactose. When solidified, the fibres form a three-
dimensional mesh of channel of varying diameters. The agarose double helix is 
built from two parallel, left-handed helices with three agarobiose units per turn. It 
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has been proposed that this structure is stabilized by a string of internal water 
molecules in the narrow channel that extends along the helix axis; Arnott, S., A. 
Fulmer, et al. (1974). Agarose is available as white powder which dissolves in a 
near-boiling water. 
 
 
Figure 1: The structure of agarose polymer (figure downloaded from 
en.wikipedia.org/wiki/agarose): showing alternating beta-D-galactose and 1, 4-
linked 3, 6-anhydrous-alpha-L-galactose units. 
During attempts to empirically determine the distribution of fibers in agarose gels, 
electron microscopy of the thin sections has revealed 4% agarose beads to be 
network of fibers, each fiber consists of laterally aggregated narrower strands of 
an agarose polysaccharide chain; Griess, G., K. B. Guiseley, et al. (1993). 
For many years now, agarose gel has been used as a tissue-mimicking material 
in phantoms for MRI, nuclear magnetic resonance (NMR) and quantitative 
magnetic resonance imaging (qMRI) studies; Mitchell, M. D., H. L. Kundel, et al. 
(1986). The phantom material should have thermal and optical properties similar 
to the tissue any being studied, and tissue in vitro might be the most obvious 
	  
	  
	  
5	  
choice. Regarding optical properties, agarose gel is relatively transparent in the 
visible and near-infrared part of the electromagnetic spectrum. Tissue is highly 
scattering and also somewhat absorbing. Agarose gel has often been used in 
MRI and has approximately the same thermal properties as water due to the high 
water content Walker, P., C. Balmer, et al. (1989). In this respect the gel is also 
fairly similar to soft tissue, such as muscle and liver, with water content between 
70% and 85%; Duck F. A. 1990 Physical Properties of Tissue (London: 
Academic). 
Agarose gel has been widely used to model the ¹H (proteum) magnetic relaxation 
behavior of biological tissues, which largely determines the intrinsic contrast in 
MRI. Agarose gel is being widely used for electrophoresis; a method used in 
biochemistry, molecular biology and clinical chemistry to separate a mixed 
population of DNA or proteins. Agarose gels have long been known to produce 
exceptionally large enhancements of water proteum (¹H) and deuterium (²H) 
magnetic relaxation rates; Fullerton, G. D., J. L. Potter, et al. (1982). 
The gelation of polysaccharides may be classified into four categories from the 
view point of the temperature dependence of elastic modulus: (1) So-called cold 
set gels like agarose, carrageenans and gellans, which form gel on cooling the 
solution. (2) So-called heat set gels like some cellulose derivatives, curdlan and 
konjac glucomannan, which form gel on heating the solution. (3) Re-entrant gels 
like xyloglucan from which some galactose residues are removed. (4) Inverse re-
entrant gels like a mixed solution of (1) and (2) that forms a gel at higher and 
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lower temperatures and stay in a solution state at an intermediate temperature 
range. Nishinari, K. and R. Takahashi (2003. 
The gelling reaction in aqueous solution can be studied by different scanning 
calorimetry, optical rotation, fluorescence depolarization, turbidity, nuclear 
magnetic resonance, T1, T2-measurements and nitroxide spin- labeling; 
Letherby, M. R. and D. A. Young (1981) 
Agarose gels are regarded as physical gels, and their gelation mechanism is 
governed completely by hydrogen bonding. Different gelation mechanisms have 
hence been proposed, including spinodal decomposition in the sol state leading 
to the formation of polymer-rich and polymer-poor regions; Barrangou, L. M., C. 
R. Daubert, et al. (2006).. Agarose gelation is also characterized by very 
pronounced hysteresis between the setting and the melting of the gel phase. The 
melting transition has been proposed to be true equilibrium process of helix-
aggregate conversion to the coil state, whereas the setting is a nucleation-
controlled process, in which the limiting step is the helix-helix aggregation; 
Matsuo, M. (2005). 
Biopolymer gels are more sensitive to temperature changes compared to 
synthetic gels. This is because in biopolymer gels the junction zones play a major 
role in forming the three-dimensional structure by the association of the helical 
structures stabilized with weak hydrogen bonds. A hydrogen bond has weak 
association energy, but a sequence of hydrogen bonds has enough energy to 
hold the strands together. In general, thermoreversible gels show a thermal 
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hysteresis between gelation and melting due to the different energy requirements 
for association and disassociation of junction zones; Arnott, S., A. Fulmer, et al. 
(1974) 
 Transverse relaxation (T2); also known as spin-spin relaxation time (it 
involves only the phases of other nuclear spins), is the mechanism by which the 
transverse component of the magnetization vector (Mᵪᵧ) exponentially decays 
towards its equilibrium value of zero in MRI or in (NMR).The transverse 
magnetization vector drops to 37% of its original magnitude after one time 
constant T2 
   
Figure 2: T2 relaxation curve: (“figure downloaded from en.wikipedia.org”.) 
Transverse relaxation (T2) is characterized by the spin-spin relaxation, a time 
constant characterizing the signal decay. In MRI, T2 weighted images can be 
obtained by setting long repetition time (TR) >1500ms and echo time (TE) >75ms 
values in conventional spin echo sequences, while in gradient echo sequences 
they can be obtained by using flip angles of less than 40ᵒc instead of 90ᵒc while 
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setting TE values to above 30ms. The T2- weighted signal is generated from the 
second echo produced by a second 180-degree pulse of a long TR spin echo 
sequences, where the first sequence is proton density weighted, with short TE. 
As TE is increased, more T2 weighted contrast is achieved, but at the expense of 
less (Mᵪᵧ) signal and greater image noise. The typical T2-weighted sequence 
uses a TR of approximately 2,000 to 4,000ms and a TE of 80 - 120ms; 
Bushberg, J. T. and J. M. Boone (2011). Agarose gel is a microheterogeneous 
system, where water molecules in different local environments have rotational 
correlation times. For these internal water molecules; trapped within the agarose 
fibrils in the gel, the correlation time can therefore be identified with the mean 
residence time at internal hydration sites. Relaxation times are frequency 
dependent and the merits of a phantom material are best evaluated at the same 
frequency as that of the imager for which they are to be used. Relaxation is 
induced by fluctuations in the local magnetic fields of each proton. The 
fluctuations in magnetic fields are characterized by a correlation time; Howe, F. 
A. (1988). When water is strongly bound to a macromolecular structure such as 
found in tissue or gels, the correlation time is then very long. The relaxivity of the 
ions is greater in the gel than in aqueous solutions. In nuclear magnetic 
resonance experiments, at low temperatures, the low T2 measured in agarose 
gels has been related to aggregation of helices into bundles. At temperatures 
above 35 ᵒc, where weaker gels are formed, a possible contribution from 
aggregation coils could be speculated upon. Several studies of agarose gels 
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have shown that relaxation rate (R₂) exhibits a maximum as a function of 
temperature. As temperature increases, the motion of the bound water increases. 
It has been shown that nearly all the water molecules in the gel are unaffected by 
the agarose and that the transverse relaxation enhancement must come from a 
very small fraction of bound water molecules or from exchanging hydroxyl 
protons; Vaca Chávez, F., E. Persson, et al. (2006). 
Relaxation is induced by fluctuations in the local magnetic fields of each proton. 
For example, in each water molecule the magnetic dipole interaction between the 
protons is modulated by the tumbling motion of the water. molecules. The 
fluctuations in magnetic field are characterized by a correlation time (Tc); Howe, 
F. A. (1988). 
  
	  
	  
	  
10	  
MATERIALS AND METHODS 
BASIC MATERIAL 
Ultrapure Agarose powder (by Invitrogen; Carlsbad, CA. It is stored at 15⁰c -30⁰c, 
Cat. No.16500-100, gel strength ≥ 1,200g/cm², gel point ≤ 36⁰c, melting point ≥ 
90⁰c), expiration date of 2017. Sterile distilled deionized water stored at room 
temperature (15⁰c - 30⁰c); a rectangular plastic phantom container with the 
capacity of 900ml (30oz) branded “freshness keeper” and capable of 
withstanding temperature in the range of.-20⁰c - 120⁰c. 
LABORATORY EQUIPMENTS 
Wax paper (parafilm laboratory film; which is flexible, mouldable, self-sealing, 
odourless, moisture resistance, thermoplastic and semi-transparent used for 
weighing compounds by American National Can, Chicago IL) used to hold the 
agarose being weighed. Thermometer (alcohol based) with reading graduated to 
110ºc, 76mm immersion by Fisherbrand, made in UK.. Weighing machine 
(adventurer OHAUS, item no. AR 5120, maximum capacity 510g, readability 
.01g, serial number G3121202300471P by OHAUS Corp, Pine Brook, NJ). Glass 
flasks with graduated measurements ranging from 100ml-1000ml. Forceps for 
holding and dropping the magnet in the flask. Medium and large sizes stir bar 
magnet. Heating/stirring machine;( serial number 1931080346481, phase I, 
supplied by Fisher Scientific 2555 Kerper Blvd, Dubuque, IOWA 52001, USA). 
Heat resistant gloves (for holding hot flask), and a stop watch. 
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IMAGING EQUIPMENT 
Whole body Achieva MRI 3.0Tesla scanner from Philips Medical Systems; 
Cleveland, OH and a Head coil 3.0 Tesla/8 Channels Phased array by Invivo 
Corporation, Florida, USA. 
The actual head coil used on this experiment is shown below on figure 8. 
 
Figure 3: MRI 3.0T 8 channels Philips head coil 
This head coil has closely designed contours allowing for high signal-to-noise 
ratio and full brain coverage. It is optimized for substantial increase of signal-to-
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noise ratio in lateral and cortex areas and shorter scan times and multi transmit 
compatible making it a coil of choice for our experiment. 
 
PHANTOM PREPARATION	  
Preparation of 1%, 2 %, 3% and 4% (weight/volume) agarose solution/gel was 
done in two phases. 
PHASE (I): Phantom preparation and cooling experiment. 
The weighing machine was pre-set with a wax paper on it to 0.00gm. For 1% 
agarose solution preparation; 1gm of ultrapure agarose powder per 100ml of 
distilled deionized water was placed on a wax paper and weighed precisely. 
Similarly for 2% solution, 2gm/100ml of distilled water, for 3% solution; 
3gm/100ml was weighed and finally for 4% solution, 4gm/100ml is weighed. 
1. Based on our phantom design trials we decided to use 300ml of distilled 
deionized water as our standard volume as it covers 1/3rd of our phantom 
container whose total capacity volume was 900ml. Therefore for 1% solution 
(w/v), we used 3gm of agarose powder for 300ml distilled deionized water, for 
2% solution we used 6gm of agarose powder for 300ml distilled deionized water, 
for 3% solution we used 9gm agarose powder for 300 ml distilled deionized water 
and finally for 4% solution we used 12gm of agarose powder for 300 ml of 
distilled deionized water. 
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2. A clean sterile(rinsed with hot water) flask is placed on the heating machine 
with a 300 ml of distilled deionized water, and a medium sized stir magnet bar is 
placed on the bottom of the flask with the help of forceps. 
3. The weighed ultrapure agarose powder was then transferred into the flask 
slowly. Caution was taken not to drop too much agarose powder at once as this 
will cause clumps to form. Caution was also taken to ensure that there was no 
agarose powder that sticks to walls of the flask as it may affect the concentration 
level of the solution. The heating as well as the stirring knobs were kept “ON” 
constantly to ensure a homogeneous mixture of the solution. The solution was 
heated while the magnet were mixing and stirring. Each solution (i.e. 1%, 2%, 3% 
and 4%) was freshly prepared at the time of the experiment and it was not 
reused for another experiment as it was not treated with any antiseptics. 
4. The heating knob was set at level 5, while the stirring knob was set between 
level 1 and 2 depending on the concentration of the solution because of its 
consistence. Higher concentration (e.g.3% and 4%) requires higher stirring 
speed due to its increased consistence. 
5. The room temperature was recorded at the beginning of the procedure. We 
noted that the room temperature was constant at 22⁰c for all experiments as 
agarose must be stored at room temperature. 
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Figure 4: Agarose phantom preparation (boiling) heating/stirring device 
 
6. The mixture solution was brought to a boiling point and at that point its 
temperature was recorded. For all our experiments, the agarose boiling was 
recorded at 98ᵒc. 
7. The volume of the solution was measured before it is transferred into the 
container to ensure that there is no lost volume thus maintaining the same 
concentration level (since boiling is done in a graduated flask, measurement of 
volume does not require any transfer of solution to another container). 
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8. Using the heat resistant gloves to hold the hot flask, the hot solution was 
poured into the plastic phantom container. 
 
Figure 5: Temperature recording of Agarose solution. 
 
 
9. The tip of the thermometer was dipped at the centre of the container with the 
hot solution until it reaches the maximum reading. 
10. Temperature drop (degree celsius/minute) of the solutions was then recorded 
at 1 minute intervals with the help of watch or a clock. We estimated that there 
was a complete sol-gel phase transition after 60 minutes of cooling; this was our 
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standard cooling rate time for all experiments based on our trial reference 
phantom prepared and scanned. 
The results are tabulated and a temperature versus time curve is plotted. 
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PHASE (II): Phantom preparation and scanning experiment. 
1. The preparations of agarose solution were done following exact procedure 
listed on phase I i.e. procedures 1-8. 
2. Before the transfer of a hot solution to the scanner, the scanner (Achieva 3.0T 
Philips MRI) was preset with T2 parameters (protocol) ready for the solution. This 
was done so as to minimize the cooling time before scanning begins. Reference 
phantom was used to help preset the protocol. 
3. The hot solution in a phantom container was immediately transferred to the 
scanner from its boiling position. The solution was placed in a head coil. The 
head coil was chosen because it allows for a levelled plane allowing the solution 
to cool homogenously without being tilted to one side (as would have been in the 
case on a knee coil). The total time between transfer processes and the 
beginning of scanning was set to be 5 minutes. This time does not include survey 
and reference scans. 
Scanning begins immediately at the end of 5 minutes, 1 scan is acquired at an 
interval of 1 minute for a total of 60 minutes. 
IMAGE ACQUISITION PULSE SEQUENCE 
Samples of agarose at various concentrations were allowed to cool down while 
scanning dynamically with T2 qMRI, 32x10ms. echoes Carr-Purcell-Meiboom-Gill 
(CPMG), 3.0Tesla, 60 dynamics. 
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Multi echo imaging sequences use a series of echoes acquired as a train 
following after a single excitation pulse. In multi echo imaging, separate images 
were produced from each echo of the train. The signal height reduces with 
transverse relaxation. This drop in signal can be used to calculate a pure T2 
image. Below on figure 6 is a diagram of the multi echo pulse sequence we have 
applied in our experiment. 
	  
Figure 6: MRI Multi echo pulse sequence.	  
	  
IMAGE/DATA PROCESSING 
MRI provided T2 relaxation data, which was tabulated using Excel spread sheet 
and developed curves. Mathcad software (Parametric Technology Corporation, 
140 Kendrick Street, Needham, MA 02494, USA).was been used to analyze the 
acquired data.	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RESULTS 
Our results are based on a single observation done on the final experiment, our 
trial reference phantoms showed similar results. 
T2 as a function of time (temperature) curves of each agarose solution show a 
distinct phase transition region characterized by a sharp T2 reduction. There is 
an average of 3-6ᵒc/minute drop in the temperature observed during the first 5 
minutes of recording the cooling rates. During the last five minutes of recording, it 
took about 4 minutes to record a 1ᵒc temperature drop. This pattern of 
temperature drop has been observed with all the four solutions as is shown on 
table1.Similar results were observed on out trial phantom. It has also been 
observed that, the higher the concentration of the gels i.e. 3% and 4% loose 
more (e.g. at 1minute, 1% temperature was 81ºc, 2% was 79ºc, 3% was 75ºc 
and 4% was 72ºc) temperature during the transfer process from the flask into the 
phantom container (as seen also during the cooling experiment) and into the 
scanner (during scanning experiment) as shown on table 1. 
Table 1 gives the cooling rate with time (minutes) for agarose concentration of 
1%, 2%, 3% and 4%.while figure7 shows the corresponding curves for the 
cooling rate noted on table 1. Agarose of 1% started cooling at a much higher 
temperature (i.e. 81ºc as compared to 2% at 79ºc, 3% at 75ºc and 4% at 72ºc); 
almost 10ºc higher than the 4%). The last recorded cooling rate temperature are 
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within close range for all the concentration(i.e. 1% at 26ºc, 2% at 26ºc, 3% at 
28.6ºc and 4% at 28.5ºc.  
Figure 7 shows the curve obtained from agarose solution-gel cooling rates 
(temperature versus time). Each temperature is plotted against the 
corresponding time. All the concentrations show a similar cooling pattern; 
showing smooth downward curves with high temperature solutions followed by 
straight lines along the time axis at the gel is formed. 
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TABLE 1: Agarose solution cooling rate 
	  Data	  obtained	  from	  the	  cooling	  rate	  experiment.	  
Time	  (minutes) Temperature	  ᵒ	  c
1% 2% 3% 4%
1 81 79 75 72
2 77 75 69 69
3 72 70 63.5 66
4 68 66 62 64
5 64 64 61.5 61.5
6 61 62 60 59.5
7 58 59 59 57.5
8 56 57 57 55.5
9 54 54 56 54.5
10 52 53 54 53
11 50 52.5 52 52
12 48 50 51 50.5
13 47 48.5 49.5 49.5
14 46 47.5 48 48.5
15 44.5 47 47 47
16 44 46 46 46
17 43 45 45.5 45.5
18 42 44 44.5 44.5
19 41 43 43.5 43.8
20 40 42 43 43
21 39 41 42 42.2
22 38.5 40.5 41.5 41.5
23 37.5 39.5 40.5 41
24 37 38.5 40 40.2
25 36.5 38 39.5 39.8
26 36 37.5 39 39
27 35.5 37 38.2 38.5
28 35 36.5 37.5 38
29 34.8 36 37.2 37.5
30 34.5 35.5 37 37.2
31 34 34.5 36.8 36.8
32 33.5 33.8 36.2 36.5
33 33 33.5 36 36
34 32.8 33.2 35.5 35.5
35 32.5 32.5 35 35.2
36 32 32 34.8 34.8
37 31.9 31.8 34.5 34.5
38 31.5 31.5 34 34
39 31 31 33.8 33.8
40 30.8 30.7 33.5 33.5
41 30.5 30.2 33.2 33
42 30 30 33 32.8
43 30 30 32.8 32.5
44 29.5 29.5 32.4 32.2
45 29 29.2 32 32
46 29 29 31.8 31.8
47 28.8 28.8 31.5 31.5
48 28.5 28.5 31.2 31.2
49 28.2 28.2 31 31
50 28 28 30.8 30.5
51 27.8 27.8 30.5 30.2
52 27.5 27.5 30.2 30.2
53 27.2 27.1 30 30
54 27 27 30 29.8
55 27 26.8 29.8 29.5
56 26.9 26.8 29.5 29.2
57 26.7 26.5 29.2 29
58 26.5 26.2 29 29
59 26.2 26 29 28.8
60 26 26 28.6 28.5
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Figure 7: Agarose sol-gel cooling rate curve 
The gels formed from 3% and 4% solutions were firmer as compared to the gels 
formed by of 1% and 2% concentrations as observed while shanking the gel in 
the container. Increasing concentrations of agarose produced an increasingly 
stronger, more brittle network as felt by touch with finger. 
 During the second phase whereby the hot solutions are scanned as the 
cooling was taking place, there was drop in temperature of the solutions at three 
stages (one stage after the other); (i) during the transfer of the boiling solution 
from the flask into the phantom container (ii) during transferring of the phantom 
into the scanner and (iii) during the time it takes to actually start the scanning 
process after the phantom has been set in the scanner (i.e. survey scan and 
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reference scan). We had allowed a total of 5 minutes for all three stages as a 
standard for all experiments. T2 curves for solutions of all concentrations have 
very similar pattern (curves begins with a smooth drop, followed by a sharp drop 
and lastly by a straight line) on all phases of transition namely solution phase, 
sol/gel phase, and gel phase. 
T2 values increases with decrease concentration (T2 values at 0 minutes for 1% 
was 4.35, for 2% was 3.67, for 3% was 3.43 and for 4% it was 3.10) 
As noted on table 2, T2 values of solutions of lower concentration are higher than 
the T2 values of solutions of higher concentration solutions. The T2 values 
decrease with increase concentration. 
Also noted is the fact that T2 values obtained at solution phase are much higher 
than normal T2 values of tissue (i.e. above 4000ms) as shown on table 3. The T2 
values decreases with increased concentration 
Increasing agarose concentration produced a progressively stronger gel network 
with decreasing deformability.  
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Table 2: T2 values of agarose sol-gels as a function of time for different concentrations 
 
time T2	  (1%) T2	  (2%) T2	  (3%) T2	  (4%)
0 4.35E+03 3.67E+03 3.43E+03 3.10E+03
1 4.35E+03 3.63E+03 3.39E+03 3.09E+03
2 4.21E+03 3.63E+03 3.33E+03 3.04E+03
3 4.15E+03 3.52E+03 3.26E+03 2.99E+03
4 4.16E+03 3.52E+03 3.22E+03 2.94E+03
5 4.02E+03 3.42E+03 3.15E+03 2.89E+03
6 3.96E+03 3.38E+03 3.09E+03 2.82E+03
7 3.89E+03 3.30E+03 3.02E+03 2.75E+03
8 3.81E+03 3.23E+03 2.95E+03 2.68E+03
9 3.72E+03 3.14E+03 2.89E+03 2.61E+03
10 3.63E+03 3.08E+03 2.81E+03 2.54E+03
11 3.55E+03 3.01E+03 2.75E+03 2.48E+03
12 3.45E+03 2.93E+03 2.67E+03 2.41E+03
13 3.37E+03 2.88E+03 2.61E+03 2.34E+03
14 3.30E+03 2.81E+03 2.55E+03 2.27E+03
15 3.24E+03 2.75E+03 2.47E+03 2.21E+03
16 3.16E+03 2.67E+03 2.41E+03 2.15E+03
17 3.06E+03 2.60E+03 2.34E+03 2.08E+03
18 2.99E+03 2.53E+03 2.27E+03 2.02E+03
19 2.92E+03 2.47E+03 2.20E+03 1.96E+03
20 2.82E+03 2.41E+03 2.13E+03 1.89E+03
21 2.71E+03 2.34E+03 2.05E+03 1.82E+03
22 2.58E+03 2.25E+03 1.95E+03 1.75E+03
23 2.40E+03 2.16E+03 1.84E+03 1.65E+03
24 2.15E+03 2.01E+03 1.69E+03 1.54E+03
25 1.84E+03 1.83E+03 1.50E+03 1.40E+03
26 1.52E+03 1.60E+03 1.27E+03 1.22E+03
27 1.21E+03 1.35E+03 1.04E+03 1.02E+03
28 9.43E+02 1.07E+03 8.02E+02 814.824
29 7.35E+02 808.102 590.872 617.446
30 578.928 580.399 414.527 446.593
31 465.671 406.214 280.132 309.919
32 384.114 287.623 188.663 208.338
33 325.358 212.75 133.013 139.79
34 282.289 165.787 101.184 97.022
35 250.5 136.053 82.987 72.47
36 226.763 116.571 72.603 58.179
37 208.44 103.313 65.626 48.925
38 194.272 94.608 59.514 42.93
39 183.179 89.338 55.4 39.116
40 174.287 85.9 52.486 36.621
41 167.066 84.315 50.399 34.884
42 161.129 84.136 48.637 33.625
43 156.384 81.924 47.47 32.666
44 152.196 79.591 46.445 32.001
45 148.851 77.785 45.6 31.436
46 145.968 76.059 45.016 30.97
47 143.502 74.894 44.488 30.626
48 141.43 73.709 44.066 30.357
49 139.522 72.875 43.729 30.13
50 137.962 72.062 43.414 29.955
51 136.559 71.34 43.182 29.791
52 135.32 70.911 43.055 29.693
53 134.281 70.423 42.863 29.61
54 133.344 69.998 42.752 29.547
55 132.498 69.65 42.625 29.45
56 131.741 69.461 42.605 29.415
57 131.084 69.109 42.516 29.369
58 130.568 68.946 42.485 29.372
59 130.084 68.756 42.493 29.358
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The T2 versus time curves of the four sol/gels are shown in figure 7. Each of the 
four curves shows a drop at about 24 minutes (T~40°C) at which time the 
gelation phase transition begins (Aymard, P., D. R. Martin, et al. 2001 have 
reported gelation temperature within this range). The liquid-to-gel phase 
transition process lasted approximately 10minutes until the temperature dropped 
to about T~30°C. During this phase transition period, the T2s decreased by 
approximately 2s depending on gel concentration.  
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In figure 8, the curves show three distinct phases i.e. liquid phase, liquid-gel 
phase transition and gel phase; (Aymard, P., D. R. Martin, et al. 2001 have also 
reported these changes within the temperature range). At liquid phase, all the 
Figure 8: T2 curves for agarose sol-gel transition phase & ROI 
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concentrations have T2 values at 1500ms - 4200ms. The T2 values for sol/gel 
phase are in the range between 200ms-2800ms. 
T2 values of agarose gels have been measured during the entire gelation phase 
transition process at four different concentrations. The data shows similar 
behaviors for all concentrations with a phase transition characterized by a drastic 
drop in T2 occurring while the temperature drops by approximately 8°C. 
 
Figure 9: T2 of agarose transition phase within 200ms  
The agarose sol-gel transition phase of all the four concentrations; beginning at 
around 30minutes of cooling shows a similar pattern as it cools down towards the 
room temperature.(as shown by figure.9). Within 200ms, a gel states is clearly 
visible for all concentrations. 
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Figure: 10: 1/T2 curve as a function ofconcentration  
When 1/T2 is plotted on the graph against concentrations (i.e. 1%, 2%, 3% and 
4%, we observed a linear pattern as shown on figure 10. Higher concentrations 
solution shows higher 1/T2 values. 
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1 135.393 0.007386
2 62.798 0.015924
3 45.742 0.021862
4 30.258 0.033049
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Figure 11: Agarose T2 curve as a function of temperature 
When the T2 values of the solution-gel are plotted as a function of temperature, 
all the curves show a similar pattern i.e. there is an increase in T2 with increase 
in temperature (as shown on figure 11). Phase transition is at the same T2 
values as was seen in T2 versus concentration curve (figure 8). 
	  
	  
	  
29	  
 
Figure 12:Images of 4% sol-gel; dynamic 30 (showing echoes 4, 8, 12, 16, 20, 24, 28. 32). 
To show different phase transition images, we have randomly taken 4% agarose 
solution-gel. Figure 12 shows 4% sol-gel, dynamic 30. 
Beginning from top left to the right of the images, images are showing echoes 4, 
8, 12, 16, 20, 24, 28, 32 respectively. As the echo number increases, the gel 
phase transition is visible. We had acquired 32 echoes for each dynamic. 
Different echoes show marked fading of the sol as it undergoes a sol/gel phase 
transition. 
  
Echo	  4	   Echo	  8	   Echo	  12	   Echo	  16	  
Echo	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DISCUSSION 
The study of agarose as a tissue-mimicking material in a phantoms using MRI, 
NMR (N. Walker, P., R. Lerski, et al. (1988) and (qMRI) continues to be 
important. Several previous studies have been conducted using 1.5T in NMR and 
performed when the temperature of the agarose was raised from a gel state to a 
solution state. In other cases frozen agarose was used; Ohno, S., H. Kato, et al. 
(2008). 
Depending on the composition of a particular tissue, T2 rates will vary. Water and 
Cerebral spinal fluid have the highest T2 rates on 1.5 T scanner. 
Table 3: showing T2 (ms) values of different body tissues at 1.5T (modified from 
en.wikipedia.org/wiki/Relaxation 
Tissue type      T2 ms 
Water                       3000 
White matter                                90 
Gray matter                               100 
CSF                                         2200 
Skeletal Muscle                           40 
Fat                                               90 
Liver                                             50 
Renal medulla                            140 
Renal cortex                                 70 
Blood                                          180 
 
 
Our results shows T2 values much higher than the tissues at solution phase, 
however at the sol-gel transition phase and at the gel phase; the range of T2 
values are similar to that of soft tissues. 
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T2 relaxation time of both agarose and agar gel is similar to that of human tissue 
(40-150 ms), and can be adjusted by altering the consistency of the gel (i.e. the 
concentration of agarose or agar); Howe, F. A. (1988). 
The dynamics of the sol/gel phase transition in agarose has been analyzed with 
magnetic resonance elastography (MRE) and diffusion weighted imaging, 
providing complementary information on a microstructural as well as on a 
macroscopic spatial scale. In thermal equilibrium, the diffusion coefficient of 
agarose is linearly correlated with temperature, independent of the sol-gel phase 
transition. Sack, I., E. Gedat, et al. (2004). 
It has long been known that gelation of agarose is accompanied by a dramatic 
broadening of the water ¹H resonance; the transverse relaxation rate, (R₂), 
increasing by two orders of magnitude even at agarose concentrations of a few 
percent. Subsequent measurements of longitudinal (R1), transverse (R2), and 
rotating-frame water ¹H and ²H relaxation rates in agarose gels as a function of 
temperature, agarose concentration, and water ¹H/²H isotopes fraction indicate 
that molecular motions on at least two times scale (nanoseconds and 
microseconds) are involved. An agarose gel is a microheterogeneous system, 
where water molecules in different local environments have different rotational 
correlation times. In case of pure water, relaxation is driven by the molecular 
tumbling of the water molecules, whereas in aqueous biopolymer gels the 
relaxation rate (1/T2) is enhanced by chemical exchange with the biopolymer; 
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Vaca Chávez, F., E. Persson, et al. (2006). In the solution state, the behavior of 
the polymer chains is only governed by osmotic forces. At temperatures lower 
than 35ºc, rapid ordering leads to the rapid formation of a strongly elastic 
network, based on subsequent helix-helix association and prevent phase 
separation. When temperature increases, the nucleation of helices, and their 
subsequent aggregation, becomes slower, while the critical helix length required 
for stable association may increase. 
An important feature of sol-gel transition in agarose-water systems is a marked 
thermal hysteresis recognized since the very early studies of diverse physical 
properties of these systems. Agarose gelation is also characterized by a very 
pronounced hysteresis between the setting and the melting of the gel phase. 
Depending on agarose concentration and cooling conditions, setting of the gel 
may occur in a broad temperature range between 40 and 10ºc while complete 
melting requires heating above temperatures as high as 95ºc. This hysteresis 
has been attributed to the occurrence of aggregation of helices;. Indovina, P., E. 
Tettamanti, et al. (1979). The melting transition has been proposed to be the true 
equilibrium process of helix-aggregate conversion to the coil state, whereas the 
setting is a nucleation-controlled process, in which the limiting step is the helix-
helix aggregation; Aymard, P., D. R. Martin, et al. (2001). 
Depending upon the origins of the agarose, the degree of methoxylation and the 
concentration, gelation occurs between 25ᵒc and 42ᵒc, though it is necessary to 
heat to 70ᵒc - 95ᵒc to disperse the gel. Gel dispersion (melting) is endothermic, 
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gelation is exothermic.Gels with higher concentrations of agarose have more 
structural bonds present that are perhaps capable of relaxation and 
rearrangement at very low strain rates. 
Agarose and carrageen from marine red algae have been investigated for sol-gel 
inter-conversion in relation to the morphological and mechanical aspects using 
elastic light scattering techniques. It is understood that gelation is associated with 
the liquid-liquid phase separation. Agarose solutions at elevated temperature are 
thermodynamically unstable at the gelation temperature and tend to incur phase 
separation; Matsuo, M. (2005). 
Agarose solutions are transparent at high temperature, which is expected, as 
both the correlation length in the solution state and the refractive index 
increments are small. Upon cooling below the apparent gelation temperature, a 
sharp increase in turbidity is observed, due to the aggregation of helices into 
bundles that provokes an increase in both the correlation length and the cross-
sectional radius; Aymard, P., D. R. Martin, et al. (2001). 
Agarose gels consist of thick bundles of agarose chains and large pores of water. 
They exhibit strong elasticity and high turbidity, which led to the idea that the 
gelation process could be intertwined with phase separation. Our results also 
shows that gelation temperature has a concentration dependency as previously 
described; Yoon, W. B. and S. Gunasekaran (2007). 
The basic theory of proton relaxation has been described and is now 
extended to tissues and gels. Relaxation is induced by fluctuations in the local 
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magnetic fields of each proton. For example, in each water molecule the 
magnetic dipole interaction between the protons is modulated by the tumbling 
motion of the water molecules. The fluctuations in magnetic field are 
characterized by a correlation time (Tc). When water is strongly bound to a 
macromolecule structures such as in tissues and gels, then the Tc is very long 
and T2	  <<	  T1.	  This is due to static variations in field which only contributed toT2 
and only become important for long Tc; Howe, F. A. (1988). 
With the ongoing development of more powerful and precise scanners and 
computer hard ware, as well as innovations in fast pulse sequence design, qMRI 
is rapidly becoming clinically feasible. A growing and exciting future application 
utilizing qMRI in many organ systems has improved diagnostic sensitivity as well 
as monitoring therapy. Phantom studies in qMRI may continue to support such 
advancements. 
Thermal energy deposition in tissue employing minimally invasive 
methods such as laser induced thermotherapy (LITT) and hyperthermia have 
gained importance in tumor ablation. One method to monitor the efficiency of 
thermo-therapy is the measurement of tissue temperature. The potential of MRI 
as a tool for spatially resolved non-invasive temperature monitoring has been 
recognized. The temperature dependency of several physical parameters that 
influence the MR image can be used for non-invasive temperature monitoring. 
The goal of thermal ablative surgery is selective tumor treatment that does not 
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damage healthy tissues. Improved MR temperature maps should provide 
information for localization and thermal dose control interventional procedures 
such as interstitial laser ablation. Our study may support continuing effort to 
study the effect of temperature on tissue. Quantitative thermal imaging also has 
applications outside of thermal monitoring. Gene therapies can be developed that 
are activated by heat and they can be activated in targeted areas with 
temperature imaging confirmation. Agarose gelation is under significant kinetic 
control and that may depend of the gelation conditions (e.g. heat and 
concentration). 
MRI contrast between normal and pathologic tissue is often based on differences 
in tissue microstructure and, therefore, different longitudinal relaxation (T1) and 
T2 and magnetization transfer provide quantitative assessment of tissue 
pathology. In particular, they offer additional information about the process of 
demyelination and axonal loss, inflammation, infarction, white matter edema, 
tumor malignancy, and ischemia; Stanisz, G. J., E. E. Odrobina, et al. (2005). 
The gelation mechanism of polysaccharide has long been studied by many 
research groups not only from a scientific interest but also for the gelation 
mechanism’s importance in food, pharmaceuticals, biomedical, cosmetic, 
coating, painting, and related industries. 
Our study had the some limitations; during hot transfer process of the agarose 
solution from flask to a phantom container, there is a significant loss of 
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temperature. Maintaining high temperature would have increased T2 values and 
increased the gel formation time; however that would be at the expense of 
increased scanning time. Another limitation is that since we did not treat or dope 
agarose with anything (e.g. nickel, cobalt, sodium azide, sodium chloride, 
gadolinium chloride etc.) as T2 enhancer, antiseptic of surfactants; the reuse of 
our gels for further experiments may be limited. The desired characteristics of the 
phantom material include (i) comparable relaxation times to those of human 
tissue, (ii) robust processable, (iii) non-hazardous, (iv) stable for long periods of 
time (v) readily available (vi) inexpensive and  
(vii) easy to handle; Mitchell, M. D., H. L. Kundel, et al. (1986). 
As agarose concentration is increased, the number of polymer-polymer 
interactions increases between helices. Agarose gels are regarded as physical 
gels, and their gelation mechanism is governed completely by hydrogen bonding. 
Agarose, gelatin and gellan gels from networks by non-covalent interactions, and 
whey protein gels form networks by a combination of non-covalent and covalent 
interactions Barrangou, L. M., C. R. Daubert, et al. (2006). 
In this study we have been able to show the T2 relaxation rates of different 
agarose concentration solutions as they undergo phase transitions from solution 
to gel using 3.0T MRI. We have also been able to demonstrate the effect of 
temperature on gelation process. To the best of our knowledge, this could be the 
first agarose based gel formation phantom study at 3.0T using 4 different 
	  
	  
	  
37	  
concentrations. The study is in agreement with previous studies of 
concentrations of 0.25% to 2% concentration; Dai, B. and S. Matsukawa (2012), 
Dai, B. and S. Matsukawa (2012), Letherby, M. R. and D. A. Young (1981), 
Ikemoto, Y., W. Takao, et al. (2011) This study adds to our knowledge the 
gelation mechanism of agarose and its role as a tissue mimicking agent in 
phantoms. 
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CONCLUSION 
Through this experiment, we have been able to obtain T2 values of four different 
concentrations of agarose (i.e.1%, 2%, 3% and 4%) while undergoing solution-
gel phase transition. The data shows similar behaviors and patterns exhibited by 
all concentrations with a phase transition characterized by a drop in T2 occurring 
while the temperature drops. The T2 values decrease with increasing 
concentration. As the solutions were subjected to high temperature, very high T2 
values (above normal tissue T2 values) were observed. Subjecting tissue to high 
temperatures is useful in thermal treatment studies. These results may be useful 
for testing theoretical models of the NMR T2 relaxation properties and in 3.0T 
MRI and possible application in thermal imaging studies. 
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